STUDY QUESTION: Are mouse preantral follicles differently affected by isolation, encapsulation and/or grafting procedures according to stage?
Introduction
The transplantable artificial ovary (TAO) is a safe and promising emerging experimental alternative aimed at restoring fertility in cancer patients in whom transplantation of ovarian tissue is not recommended after cancer remission due to the high risk of reseeding malignant cells Donnez and Dolmans, 2013; Donnez et al., 2015) . For this reason, some research groups worldwide (Dolmans et al., 2007 Amorim, 2011; Luyckx et al., 2014; Shea et al., 2014; Smith et al., 2014; Vanacker et al., 2014; Rajabzadeh et al., 2015; Soares et al., 2015) have been focusing their efforts on recreating the natural milieu of the ovaries. One of the biggest challenges is providing an artificial environment to support survival and growth of isolated follicles (Salustri et al., 1999; Rodgers et al., 2003; Berkholtz et al., 2006; Hao et al., 2014) . Indeed, many studies have been conducted to identify the constituents of an appropriate matrix that could mimic the multiple roles of the native extracellular matrix (Abir et al., 1999; Dolmans et al., 2007; Amorim et al., 2009; Shikanov et al., 2009; Luyckx et al., 2013; Smith et al., 2014; Laronda et al., 2015; Rajabzadeh et al., 2015) . Some of our studies on the development of an artificial ovary appeared to point to fibrin as a good potential candidate; when isolated mouse preantral follicles encapsulated in fibrin clots were transplanted to mice for 1 week, our findings showed a follicle recovery rate of 32%. However, when we tested this polymer to xenograft isolated human preantral follicles, we obtained significantly inferior results . One of the most striking differences between these two studies was the stage of development of isolated follicles. In the study where mouse follicles were grafted , more than half of the grafted follicles were already at the secondary stage. On the other hand, when human follicles were isolated, more than 90% were still at the primordial-primary stage . In a previous pilot study, we suspected that secondary follicles might be more able to survive and develop than primordial-primary follicles after transplantation . The aim of the present study was therefore to elucidate whether some essential aspects, such as isolation, follicle-matrix interaction or even vascularization and follicle ultrastructure, may in some way influence these differences in follicle survival and development.
Materials and Methods

Experimental design
Ovaries from 20 Naval Medical Research Institute (NMRI) adult female mice were used to isolate preantral follicles and ovarian stromal cells (SCs). Around 50 primordial-primary and 50 secondary follicles were separated, grouped with 50 000 SCs, embedded in fibrin clots and allografted to pockets specially created in the internal wall of the peritoneum of eight and six severe combined immunodeficient (SCID) adult female mice for two (D2) and seven (D7) days, respectively. Thereafter, the animals were euthanized and all the clots were removed, fixed and processed for histology, immunohistochemistry and transmission electron microscopy (TEM).
In addition, around 50 primordial-primary and 50 secondary follicles were independently embedded in fibrin clots and, after polymerization and fixation, used as controls for histology and scanning electron microscopy (SEM) analyses on Day 0 (D0). A couple of ovaries derived from an NMRI mouse were also fixed for control purposes.
Ovariectomy procedure
The protocol was approved by the Committee on Animal Research of the Université Catholique de Louvain. Twenty adult (6-25 weeks of age) female NMRI mice were used as follicle donors in the present study. Animal housing conditions as well as presurgical and surgical procedures were described in our previous paper . Briefly, the ovaries were removed through a dorsal incision in anesthetized mice (ketamine 75 mg/kg; Anesketin, Eurovet, Heusden Zolder, Belgium). Buprenorphine (0.1 mg/kg; Temgesic, Schering Plough, Kenilworth, NJ, USA) was administered for analgesia. The ovaries were kept in minimum essential medium + Glutamax TM (MEM, Gibco, Merelbeeke, Belgium) at 4°C until isolation, and the mice were euthanized by CO 2 asphyxiation.
Isolation of preantral follicles and ovarian SCs
Fatty tissue surrounding the ovaries was removed with surgical scissors. The ovaries were initially minced into fragments of 0.5 × 0.5 mm with the McIIwain Tissue Chopper (Mickle Laboratory, Guildford, UK), as previously described . The resulting suspension was pipetted several times with a glass dropping pipette to improve mechanical disruption of the tissue. Over the course of 1 h, isolated follicles were picked up by two operators under a stereomicroscope (Leica; Van Hopplynus Instruments, Brussels, Belgium) using a 130-µm micropipette (Flexipet; Cook, Limerick, Ireland) and divided into two different groups, primordial-primary and secondary, on the basis of their size. Due to the small diameter of primordialprimary follicles, a visible oocyte surrounded by a thin layer of granulosa cells (GCs) was not always detectable under the stereomicroscope, so round groups of cells delimited by a membrane were classified as primordial-primary follicles and included in the primordial-primary group . Secondary follicles were identified by two or more layers of GCs surrounding the oocyte, with no sign of a visible antrum (Tuck et al., 2015) . The rest of the cell suspension was then filtered through sterilized 80-and 11-µm nylon net filters (Millipore, Overijse, Belgium). SCs were counted with the help of trypan blue (Sigma-Aldrich, Bornem, Belgium) and a Bürker chamber (VWR, Leuven, Belgium). The filtered solution was subsequently centrifuged at 260g for 5 min and the pellet resuspended in Dulbecco's phosphate-buffered saline (DPBS) (Gibco, Thermo Fisher Scientific, Ghent, Belgium), supplemented with 10% (v/v) high-inactivated fetal bovine serum (HIFBS) (Gibco), to obtain a final concentration of 50 000 cells/µl.
Fibrin clot formation
Reconstitution of the two constituents (fibrinogen and thrombin) of the fibrin sealant (Tissucol, Baxter, Lessines, Belgium) and fibrin clot formation have been previously described Chiti et al., 2016) . Briefly, a 12.5-µl drop of human fibrinogen (12.5 mg/ml) (F12.5) was deposited on a glass petri dish and around 50 primordialprimary follicles in 4 µl of medium and 50 000 SCs in 1 µl of medium were added, to reach a final volume of 17.5 µl. This droplet was then mixed with 12.5 µl of 1IU thrombin/ml (T1) and incubated at 37°C for 45 min. The same procedure was repeated for encapsulation of secondary follicles (also around 50) with 50 000 SCs. For control purposes, similar numbers of primordial-primary and secondary follicles without ovarian SCs were mixed with F12.5/T1 and polymerized at 37°C for 45 min. Thereafter, all the fibrin clots were gently detached, and 12 of them were embedded in warmed 2% (w/v) agarose (UltraPure, Thermo Fisher Scientific, Ghent, Belgium) and immediately fixed in 4% (v/v) formalin (n = 10) and Karnovsky solution (4% (w/v) paraformaldehyde and 2.5% (w/v) glutaraldehyde, Agar Scientific, Brussels, Belgium) (n = 2). The remaining 28 clots were grafted to the mice. During all the steps of the procedure, visual control was maintained to ascertain if any follicle loss occurred during handling of the fibrin clots.
Allotransplantation to SCID mice
To graft 28 fibrin clots (14 containing primordial-primary follicles and 14 secondary follicles) to 14 SCID mice, the animals were first anesthetized and given analgesic, as previously described for the ovariectomy procedure.
The surgical technique was detailed in our earlier study . Both visceral peritoneal surfaces were scratched with a scalpel blade to induce angiogenesis. Fibrin clots containing primordial-primary or secondary follicles were then separately slid into the created pockets, and closed with a final stitch. In total, 14 SCID mice were allografted, 8 for 2 days and 6 for 7 days. Finally, the abdominal wall and skin were closed and anesthesia was reversed by injection of the antagonist atipamezole (1 mg/kg; Antisedan, Pfizer, NewYork, USA). For graft removal (D2 and D7), the animals were euthanized by CO 2 asphyxiation, and grafts destined for immunohistochemical analyses (11 SCID mice, 22 fibrin clots) were recovered and fixed in 4% formalin, while fibrin clots destined for TEM investigation (3 SCID mice, 6 fibrin clots) were gently removed from their peritoneal pockets, covered with warmed 2% agarose and fixed in Karnovsky solution for 24 h.
Histological analysis
Fibrin clots from non-grafted and grafted groups fixed in 4% (v/v) formalin were embedded in paraffin for histological analysis. Each fibrin clot was cut into 5-µm serial sections and every second section was stained with hematoxylin-eosin to evaluate the number of encapsulated follicles, their condition (morphologically normal or degenerated), and also the possible presence of follicular structures misclassified as follicles under the stereomicroscope. Follicular structures were defined as groups of cells organized in round formations with no visible oocyte, while follicles showed the presence of both GCs and a discernible oocyte. Follicles and follicular structures were counted in the entire fibrin clot. The remaining slides were kept for immunohistochemical analysis (Superfrost Plus; MenzelGlaser, Germany).
To assess the status of follicles, a number of factors like basement membrane integrity, cellular density, presence or absence of pyknotic bodies, and presence and aspect of the oocyte were taken into account (Amorim et al., 2000; Tuck et al., 2015) . Based on these parameters, follicles were classified as morphologically normal upon observation of an intact basal membrane, no (or a negligible number of) pyknotic bodies and evidence of round but no retracted oocytes. On the contrary, follicles were classified as degenerated in the presence of damage to the basal membrane, loss of their architecture and GCs, and contracted oocytes.
Since it was not possible to distinguish follicles from follicular structures with any degree of certainty under the stereomicroscope, but only after histological analysis, a correction factor was applied on D0 to calculate the recovery rate of follicles in both groups after 2 and 7 days of grafting . To this end, we applied the following formula:
where F RD0 is the recovery rate of follicles on Day 0, F FC the number of follicles found in the fibrin clot and F F the number of follicles added to the fibrinogen droplet. Thereafter, to gauge the true number of follicles found after grafting (D2 and D7), we applied the following correction factor :
F Number of follicles embedded in the clot D2 or D7 100
Immunohistochemistry
Vascularization
Cluster differentiation 34 (CD34) is a 110-kDa transmembrane glycoprotein present in endothelial cells and widely used as a marker to evaluate vascularization (Pusztaszeri et al., 2006) and vessel formation after grafting. In this study, neoangiogenesis was assessed by CD34 immunostaining after two grafting periods (D2 and D7), and compared with vascularization inside mouse ovaries. To this end, a normal mouse ovary was also processed for control purposes. The protocol applied was previously described by Luyckx et al. (2014) . One to three slides per graft were scanned using a slide scanner (SCN400-SL801, Leica Biosystems, Diegem, Belgium) and visualized using Digital Image Hub (Leica Biosystems). All vessels inside the clot were counted and vessel area was measured. Total vessel area and total clot area were calculated in each fibrin clot, yielding a single vessel area value and single clot area value for each fibrin clot, based on the sum of the analyzed fragments. In order to assess follicle vascularization in the clots, only vessels within a perimeter of 20 µm around primordial-primary and secondary follicles were evaluated in both experimental (D2 and D7) and control (mouse ovary) groups. Vessel number, vessel area and vascularization surface area (vessel area around follicles/total vessel area) were analyzed and compared.
It is well known that a new capillary network develops within the theca layer of growing secondary follicles (Peters, 1969) , so theca layer thickness and vascularization were evaluated in secondary follicles from mouse ovary and fibrin clots on D7. The presumed theca layer, extending from the basement membrane of follicles to the end of the visible difference between putative theca cells and SCs, was measured with the Mirax Viewer program at 40× magnification and the vessels within this layer as well as vessel area were also calculated.
Ultrastructure analysis
Scanning electron microscopy
To evaluate interaction of isolated follicles and SCs with fibrin fibers and pores, non-grafted isolated follicles (primordial-primary and secondary) and SCs were encapsulated in fibrin clots and, after polymerization, embedded in warmed 2% (w/v) agarose and fixed in Karnovsky solution (Agar Scientific). After 24 h, samples were washed in DPBS and kept overnight in 30% (v/v) glycerol in 0.1 M sodium cacodylate buffer. The samples were then plunged into liquid nitrogen and freeze-fractured, before being washed in 0.1 M sodium cacodylate buffer, postfixed in 2% (w/v) osmium tetroxide (Agar Scientific) in DPBS, and dehydrated using a graded series of acetone. Finally, they were dried to the critical point, metallized with carbon and analyzed by SEM (JEOL-KAL-7001 F, Jeol, Tokyo, Japan). Fragments of mouse ovaries were processed equally in order to compare the ovarian stromal structure with the fibrin clot mesh.
Transmission electron microscopy
After fixation in Karnovsky solution, samples were postfixed with 1% osmium tetroxide (w/v) in DPBS, en bloc contrasted with uranyl acetate, dehydrated through ascending series of ethanol, immersed in propylene oxide (solvent substitution), embedded in Epon 812 (Agar Scientific) and then sectioned using a Leica EM UC7 ultramicrotome (Wetzlar, Germany). Semithin sections (3.5 μm thick) were stained with toluidine blue and examined by light microscopy (Zeiss Axioskop, NY, USA) to detect follicles. Ultrathin sections (70 nm) were cut with a diamond knife, mounted on copper grids and examined and photographed using TEM (Jeol 1011, Jeol) to evaluate the ultrastructure of ovarian follicles. Pieces of mouse ovarian tissue were processed to be used as controls. Figure 1 Histological analysis of encapsulated primordial-primary (PP) and secondary (S) follicles on Day 0 (D0). Light microscopy picture of encapsulated healthy PP (a) and S (b) follicles at 40× magnification, and distribution of follicles and follicular structures in the PP and S groups on D0 (c). In the PP group, a significantly higher number of follicular structures was observed compared to the S group. In the S group, significantly more healthy follicles were detected than in the PP group (#P-value < 0.05); (**P-value < 0.01).
Figure 2 Corrected recovery rates for PP and S follicles after 2 (D2) and 7 (D7) days of grafting. PP follicles are represented by the white column and S follicles by the black column. On both D2 and D7, we found higher recovery rates for S follicles than PP follicles (**P-value < 0.01). Moreover, in a comparison of D2 and D7, a significant time effect was also observed (*P-value < 0.05).
In order to assess follicle ultrastructure after grafting, morphological features of follicles naturally present in the mouse ovary were compared with their isolated and grafted counterparts. Based on previous studies on mammalian follicles (Cortvrindt et al., 1996; Lucci et al., 2001; Nottola et al., 2008 Nottola et al., , 2011 Camboni et al., 2008; Paulini et al., 2014) , we evaluated the general aspect of oocytes and GCs, the distribution and appearance of organelles, the integrity of membranes, and connections between GCs, and GCs and oocytes.
Statistical analysis
Fisher's exact test was used to compare proportions of morphologically normal and degenerated follicles, follicular structures and follicle loss at both stages of follicle development (primordial-primary and secondary) before grafting (D0). Two-way ANOVA and Bonferroni post hoc test were applied to analyze follicle recovery rates before (D0) and after grafting (D2 and D7) and vascularization after grafting (D2 and D7). The twotailed T-test was used to compare putative theca layer parameters in secondary follicles from mouse ovary and fibrin clots on D7. A P-value < 0.05 was considered statistically significant. All statistical analyses were performed with GraphPad Prism five software.
Results
Follicle evaluation
Before grafting
For the D0 group, a total of 230 primordial-primary and 186 secondary follicles were embedded inside fibrin clots (around 50 follicles per clot). In the primordial-primary group, histological analysis showed 47% of these follicles (108/230) to be normal (Fig. 1a and c) , 14% (35/230) to be degenerated, 19% (40/230) to be round structures and 20% (47/230) to be lost (Fig. 1c) . In the secondary group, 64% (116/186) were normal follicles (Fig. 1b) , 13% (24/186) were degenerated and 9% (17/186) were round structures, with follicle loss of 14% (29/186) (Fig. 1c) . When we compared numbers of normal follicles, a significantly higher number of healthy follicles was encountered in the secondary group (P-value = 0.002) than the primordial-primary group (Fig. 1c) . By contrast, a significantly greater number of round structures was observed in the primordial-primary group (P-value = 0.01). However, no significant difference was detected in the number of degenerated follicles nor follicle loss rates between the primordialprimary and secondary groups. Hence, after evaluating normal follicle recovery rates from both groups, we observed a significant difference (P-value < 0.0001) between the number of isolated follicles embedded in clots and the number of healthy follicles found in histological sections. Such a discrepancy was mainly due to follicle loss and follicular structures being initially considered as normal follicles.
After grafting
Based on the normal follicle recovery rate identified in the D0 group, we applied the previously mentioned formula to our histological analysis. Consequently, a total of 134 and 175 (instead of 286 and 273) primordial-primary and secondary follicles, respectively, were embedded in fibrin clots and grafted for 2 days, and 136 and 160 (instead of 289 and 291) primordial-primary and secondary follicles, respectively, were embedded in fibrin clots and grafted for 7 days.
Hence, the mean ± SD corrected recovery rate in the primordialprimary follicle group was 34% ± 19% (between 18% and 58%) on D2 and 12% ± 4% (between 0% and 43%) on D7, while in the secondary follicle group, it was 62% ± 17% (between 46% and 88%) on D2 and 42% ± 32% (between 9% and 93%) on D7. Taking into account the effect of follicle stage, the secondary group showed a significantly superior recovery rate compared to the primordial-primary group (Fig. 2) (P-value = 0.006). A significant decrease in the recovery rate was also noted on D7 compared to D2 (P-value = 0.04).
Vascularization of the graft and encapsulated follicles
Vessel number and vessel area were variable from mouse to mouse and from D2 to D7 (Table I) . On D2, no capillaries were found in the primordial-primary group and only a few were detected in the secondary group, with vessel area ranging from just 0.02% to 0.1% (Fig. 3 and Table I ). On D7, increasing numbers (P-value < 0.0001) of functional vessels with a larger area (P-value = 0.001) were encountered in both follicle groups, as shown in Table I and Figure 3 . While in the primordial-primary group, vessel area ranged from 0% to 1.6%, in the secondary group, it ranged from 1.2% to 10.1% (Table I) . On D7, the secondary group showed more extensive vascularization ( Fig. 3c and d) , a significantly higher vessel number (P-value = 0.03) and greater vessel area (P-value = 0.04) than the primordial-primary group ( Fig. 3e and f) . In order to correlate follicle vascularization in fibrin clots (D2 and D7) with vascularization in mouse ovary, the number and the area of vessels immediately around primordial-primary and secondary follicles were also evaluated and compared. In fibrin clots, no vessels were found around either primordial-primary or secondary follicles on D2 of grafting. On the other hand, on D7, significantly more vessels (P < 0.01) with a larger area (Fig. 4) (P < 0.01) were detected around secondary follicles (n = 17) compared to their primordial-primary counterparts (n = 11) (Table II) . Therefore, only fibrin clots on D7 of transplantation were considered for subsequent comparisons with mouse ovary. In mouse ovary, only a few vessels were observed in close contact with primordial and primary follicles, but a significantly Figure 3 Analysis of vascularization in the PP and S groups on D2 and D7 after grafting. A fibrin clot (outlined by a blue line) containing an S follicle (red arrow) was identified in peritoneal tissue (a), and no CD34-positive cells were found inside. The black square (a) delimits part of the fibrin clot and the outlined tissue, and was magnified 40× to illustrate the presence of new capillaries (black arrows) in the tissue around the fibrin clot after 2 days of grafting (b). A fibrin clot on D7 (outlined by a red line) containing S follicles was identified in peritoneal tissue (c) and part of it was magnified 40× to reveal the presence of new functional capillaries (black arrows) adjacent to the S follicles (d). Graphic representation of the total vessel area out of total clot area in the PP and S groups after 2 and 7 days of grafting (e): on D7, a significantly greater vessel area was observed in both follicle groups compared with D2 (***P-value < 0.001) and a significant difference was observed when the S group was compared with the PP group on D7 (*P-value < 0.05). Graphic representation of total vessel number in the PP and S groups after 2 and 7 days of grafting (f): on D7, a significantly higher number of vessels was found in both follicle groups compared with D2 (***P-value < 0.001), and more vessels were observed in the S group than the PP group on D7 (*P-value < 0.05).
higher number of vessels (P < 0.01) and greater vascularization rate (P < 0.01) (Fig. 4, Supplementary Table S1 ) were identified around secondary follicles (n = 8) compared to primordial-primary follicles (n = 10). When fibrin clots and mouse ovary were compared by follicle stage, similar results were obtained for both primordial-primary and secondary follicles (Fig. 4, Table II ).
Secondary follicle vascularization in the fibrin matrix
Since a theca layer with its own capillary network develops within growing secondary follicles (Peters, 1969) , theca layer thickness and vascularization were analyzed and compared in both mouse ovary and fibrin clots on D7.
In mouse ovary, theca layer thickness in secondary follicles (n = 8) ranged from 4.5 to 18.6 µm, with a mean ± SD of 12.8 ± 4.6 µm. Mean ± SD theca vessel number and area were 7 ± 4 vessels and 55.3 ± 36.6 µm 2 , respectively. In fibrin clots, no theca layer at all was detected in secondary follicles on D2, but by D7, they (n = 7) had developed a theca layer ranging from 6.8 to 17.7 µm in thickness, with a mean ± SD of 10.5 ± 3.4 µm. Mean ± SD of theca vessel number and area were 4.2 ± 3 vessels and 51.6 ± 53.1 µm 2 , respectively. No statistical differences were found in theca layer thickness, theca vessel number or area between secondary follicles in mouse ovary and fibrin clots.
Ultrastructure
Sem analysis: follicle interactions with the fibrin matrix Freeze-fractured fibrin clots (one clot per follicle group, primordialprimary and secondary) containing isolated follicles and SCs were analyzed by SEM in order to assess fiber thickness, pore diameter and fibrin interaction with follicles. Fiber thickness in clots ranged from 0.14 to 0.25 µm (0.19 ± 0.04 µm) and pore diameter from 0.47 to 2.27 µm (1.4 ± 0.45 µm), with a high degree of interconnected porosity ( Fig. 5a and b) . We detected an isolated follicle, thought to be primary considering its diameter (~32 µm), in the sample. It was surrounded by a dense network of fibrin strands (Fig. 5) , which shows that soon after polymerization, the fibrin matrix is able to completely encapsulate follicles and hold them in their 3D structure. On the other hand, compared to fibrin clots, mouse ovarian tissue was found to be much denser and more compact, appearing to be constituted of irregular pores with a coarser aspect ( Fig. 5c and d) . Only occasional pores ranging from 0.72 to 6.62vµm (2.75 ± 1.77 µm) in diameter were observed in the sample (Fig. 5d) . Unlike the follicle in the fibrin clot, the follicle detected in ovarian tissue, possibly secondary based on its diameter (~121 µm), looked more ingrained in the surrounding matrix (Fig. 5c ).
Follicle ultrastructure
In order to evaluate the ultrastructure of grafted follicles, we compared their general aspects and intrafollicular parameters with those found in ovarian tissue. After 2 days of grafting, four follicles (one primary and three secondary) were analyzed. All of them exhibited a globally normal architecture perfectly consistent with follicles present in ovarian tissue (Fig. 6a and b ). An intact basal membrane was discernible and GCs were well preserved, not always tightly attached to one another but with some space between them, which was also observed in follicles within ovarian tissue (Fig. 6a and b) . Oocytes had a round shape and homogeneous cytoplasm, numerous mitochondria (round and pleomorphic) and a few endoplasmic reticulum cisternae, mainly dislocated to the perinuclear region in early follicles and uniformly distributed throughout in secondary follicles, a spherical nucleus and nucleolus, and an intact nuclear envelope ( Fig. 6c and d) . Secondary follicles showed a well-developed zona pellucida around the oocyte. Compared to follicles in ovarian tissue, secondary follicles in fibrin clots showed only a small loss of contact between the oocyte and GCs in some areas, which was not seen in follicles obtained from ovarian tissue samples ( Fig. 6a and b) .
Discussion
In one of our previous pilot studies , we suspected that isolated mouse secondary follicles survived and grew better than primordial-primary follicles after short-term transplantation in fibrin clots. In Figure 5 Structural analysis of a fibrin clot and mouse ovarian tissue. Scanning electron micrograph of a fibrin clot and mouse ovarian stroma at low (a and c) and high (b and d) magnifications. An isolated PP follicle (~32 µm diameter) (asterisk) was found surrounded by fibrin fibers (b), while a S follicle (~121 µm diameter) (asterisk) was embedded in the mouse ovarian tissue surrounded by several SCs (black arrows) (c).
order to establish if isolation, encapsulation and/or grafting procedures may in some way differentially influence follicle recovery rates, primordialprimary and secondary follicles were immediately fixed after isolation and encapsulation in fibrin clots and considered as a control group (D0). This allowed us to compare follicle morphology and quality before and after grafting, and identify possible follicle loss and misclassification. We were thereby able to prove that a considerable number of structures classified as follicles were in fact round groups of cells. Some of these follicular structures could have been empty follicles, which can be found to a small degree in mouse ovaries (Uslu et al., 2017) as a result of oocyte degeneration at early stages of follicle development (Williams and Stanley, 2011) . On the other hand, no difference was observed in the small proportion of degenerated follicles or follicle loss between the two groups, leading us to conclude that the isolation procedure did not affect follicle survival.
When taking the number of follicles on D0 as the denominator , our results show an increase in the recovery rate, especially on D2, similar to findings of other studies Smith et al., 2014) on D7. Nevertheless, our data confirm the superior capability of secondary follicles to survive and grow after 1 week of transplantation. One possible explanation for this could be related to the number of follicles and SCs encapsulated and spatially distributed in fibrin clots. Even if survival and activation of primordial follicles are not yet fully understood, some hypotheses, like the spatial geography of follicles inside the mammalian ovary and their surrounding stromal microenviroment (Da Silva-Buttkus et al., 2009; Gaytan et al., 2015; Zhang and Liu, 2015) , may go some way to explaining the fate of primordial follicles. Considering the above hypothesis, if we look at the spatial localization of follicles inside the fibrin clots, it is clear that they are not in close contact with one another. Indeed, Hornick et al. (2013) reported that in vitro survival and development of isolated mouse preantral follicles were positively correlated with the number of follicles initially placed in the small drop of alginate (10 follicles in a 5-µl droplet), probably due to paracrine signaling between neighboring follicles that secrete factors essential for their survival and growth. To confirm this hypothesis, a larger number of isolated follicles and/or SCs should be encapsulated.
Another possible cause may be ischemia encountered in the first few days after transplantation (Dissen et al., 1994; Van Eyck et al., 2009 , 2010 , which was higher in the primordial-primary group. Indeed, the more extensive vascular network visible inside the fibrin clots in the secondary follicle group on D7 could have played a decisive role in the survival and development of these larger preantral follicles. This interesting outcome suggests that secondary follicles positively influence TAO vascularization, thanks to expression of angiogenic factors, such as vascular endothelial growth factor (VEGF) (Kaczmarek et al., 2005) , which can stimulate angiogenesis through endothelial cell proliferation, migration and survival (Robinson et al., 2009) . One can also hypothesize that lower levels of VEGF in the primordial-primary follicle group also had a direct negative impact on follicle survival. Kosaka et al. (2007) proposed that VEGF may be a strong survival factor for GCs, as it can suppress GC apoptosis by inhibiting release of caspase-activated DNase (Kosaka et al., 2007) , and thereby increase in vitro survival (Greenaway et al., 2004) .
The ability of isolated secondary follicles to recruit endothelial cells to form their own vasculature may indicate that they are capable of forming putative theca layers required for their further development. Indeed, when we compared the thickness and vascularization of the theca-like layer of secondary follicles on D7 to the theca layer of secondary follicles in normal ungrafted mouse ovary, we did not observe any statistical difference. However, we cannot exclude the possibility that the presumed theca layer found after grafting originated from the few remaining ovarian SCs attached to the isolated secondary follicles. On the other hand, when we investigated the presence of vessels surrounding grafted primordial and primary follicles, very few vessels were encountered, as in the mouse ovary.
Although many studies have attempted to define precisely the ultrastructure of different mammal ovaries and follicles (Macchiarelli et al., 1992; Makabe et al., 2006; Kohata et al., 2007) , to the best of our knowledge, this is the first study to evaluate physiological follicle-tissue interactions and compare them with follicle-matrix interactions. Our SEM results demonstrated a clear structural difference between the fibrin network and mouse ovarian stroma. Indeed, the latter appeared more compact and denser, with follicles located deep inside the stroma, while the fibrin matrix had a more fragile aspect, probably due to its high porosity. Despite this difference, primordial-primary follicles were found to be completely surrounded by the fibrin matrix, proving its capacity for very close contact with isolated follicles, essential for bidirectional communication between host and graft.
In addition, to investigate whether the grafting procedure itself may have an impact on follicle survival, we compared the ultrastructure of follicles enclosed in mouse ovarian tissue with our groups on D2 of grafting. All the follicles showed a general spherical architecture with eccentric oocytes surrounded by one or more layers of cuboidal GCs, which were slightly spaced out in case of secondary follicles. Moreover, in terms of intracellular features, specific patterns of organelle distribution inside the ooplasm, such as mitochondria, indicated maintenance of physiological status and unaltered behavior after grafting, demonstrating no difference in impact of the grafting procedure on either of the follicle stages investigated (Makabe et al., 2006; Haidari et al., 2008; Paulini et al., 2014) .
In conclusion, this study evidenced that the superior capacity of isolated secondary follicles to survive and grow after transplantation was not related to a particular effect of the isolation, and/or grafting procedure, but rather to their own ability to induce neoangiogenesis. Our study was also the first to demonstrate that the fibrin matrix is able to adequately encapsulate and support the 3D structure, survival and development of isolated follicles after transplantation. This would provide a temporary artificial environment that could allow cellular infiltration and reorganization of a functional new vasculature, essential for follicle survival. Since angiogenic factors appear to play an important role in TAO vascularization and survival of primordial-primary follicles, they can be added to the fibrin matrix to enhance follicle survival after transplantation. Furthermore, a greater number of these small preantral follicles and ovarian cells may be grafted inside a smaller fibrin scaffold to promote follicle-follicle and follicle-cell interaction, which could also improve follicle survival.
Supplementary data
Supplementary data are available at Molecular Human Reproduction online.
